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Antiestrogens including tamoxifen and fulvestrant have been evaluated as chemotherapeutics for ovarian 
cancer, particularly in cases of platinum resistant disease. Human epididymis protein 4 (HE4) is highly 
overexpressed in women with ovarian cancer and overexpression of HE4 has been found to correlate with 
platinum resistance. However, the role of HE4 in modulating responses to hormones and hormonal therapy 
has not been characterized in ovarian cancer. Here we demonstrate that 17P-estradiol, tamoxifen, and 
fulvestrant induce nuclear and nucleolar translocation of HE4 and that HE4 overexpression induces 
resistance to antiestrogens. HE4 was found to interact with estrogen receptor-a (ER-a), and HE4 
overexpression resulted in ER-a downregulation in vitro and in human ovarian cancers. We identified a 
novel role for importin-4 in governing the nuclear transport of HE4. Treatment with ivermectin, an 
importin inhibitor, blocked HE4/importin-4 nuclear accumulation and sensitized HE4-overexpressing 
ovarian cancer cells to fulvestrant and tamoxifen. 

Ovarian cancer is the second most common gynecologic cancer and the fourth leading cause of cancer 
death in women in the United States resulting in over 15,000 deaths annually. Despite advancements in 
chemotherapeutics and treatment strategies the overall five year survival rate is only 44% and overall 
survival has not improved 1 . 

Ovarian cancer initially presents as a chemo-responsive disease with over 80% of women responding to front 
line platinum based treatment. Despite this, the majority of women will ultimately relapse and develop drug 
resistant disease that is fundamentally incurable. Therefore the development of new methods of therapy such as 
biologies and targeted treatments are crucial for the advancement of ovarian cancer treatment and improving 
survival rates. 

Estrogen receptors (ER) are known to be transcriptional regulators which suggest that their effects in neoplastic 
epithelial ovarian cancer (EOC) are mediated through estrogen regulated target genes. Numerous estrogen 
induced proteins have been characterized in ovarian cancer cell lines and might have a role in tumor progression 2 . 
Estrogen binds to the estrogen receptor (ER) which enters the nucleus to activate expression of genes involved in 
cell survival and proliferation, thus promoting tumor growth and progression 3 . Studies of ER mRNA expression 
in EOC versus normal controls indicate that estrogen signaling via ER may play an indispensable role in 
regulating ovarian epithelial cell function and loss of expression may be in part responsible for neoplastic 
transformation 4 . 

Studies of ER-positivity (ER+) in EOC vary but overall approximately 60% of EOC are ER+ 2 . Hormone 
therapy has been evaluated as a viable treatment approach for EOC 5 . For example, tamoxifen has been found to 
stabilize disease and increase progression free survival in 10% of women with advanced stage platinum resistant 
EOC 6,7 . Fulvestrant, another antiestrogen, was recently studied in a phase II study for treatment of recurrent EOC, 
and was found to be well tolerated and to stabilize disease in 43% of patients 8 . Tamoxifen a selective estrogen 
receptor modulator (SERM) has been widely used as a hormonal therapy for EOC in clinical practice. 
Approximately 5-18% of women with recurrent EOC will have tumors that respond to tamoxifen treatment 
and those that respond have shown complete response rates (CRR) ranging from 0-56% in various studies and a 
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mean CRR of 1 1%. Fulvestrant, which differs from tamoxifen due to 
its complete antagonist activity at the ER, has also been used in some 
studies with CRR of 8% and stable disease in 50% of patients 2,9,10 . 

The therapeutic efficacy of tamoxifen in cancer therapy is thought 
to arise primarily from its antiproliferative action by binding com- 
petitively to the ER, thereby blocking the mitogenic effect of estra- 
diol. Tamoxifen is able to induce apoptosis by induction of oxidative 
stress followed by mitochondrial dysfunction and activation of cas- 
pases. Tamoxifen has a direct antiproliferative effect on human 
ovarian carcinoma specimens and has been shown to delay the 
development of resistance to cisplatin in vitro in some ovarian car- 
cinoma cell lines 7,11 . 

Human epididymis protein 4 (HE4) is overexpressed in EOC and 
appears to have a role in ovarian cancer tumorigenesis. Little is 
known about the biologic function of the WFCD2 gene or its gene 
product HE4. However, there are hormonal responsive elements 
present within the WFCD2 promoter and we therefore hypothesized 
that steroid hormones could influence expression of HE4 in ovarian 
cancer. 

Here we show that treatment of ovarian cancer cells with steroid 
hormones promote nuclear translocation of HE4. Additionally, we 
show that overexpression of HE4 decreases responsiveness to hor- 
monal therapy in ovarian cancer cell lines and that this responsive- 
ness can be restored by blocking HE4 from entering the nucleus. We 
propose that HE4 blocks hormone responsiveness through epige- 
netic modification. Finally, we report a novel mechanism for HE4 
translocation to the nucleus and show that inhibiting HE4 nuclear 
translocation decreases cancer cell viability after treatment with anti- 
estrogens. 

Results 

Stable HE4 overexpression in SKOV3 epithelial ovarian cancer 
cells confers resistance against fulvestrant and tamoxifen. Using 
the ovarian cancer cell line SKOV3 we developed HE4 overexpress- 
ing clones. We evaluated the therapeutic potential of fulvestrant and 
tamoxifen in SKOV3 wild type (WT) and SKOV3 HE4-overexpress- 
ing clone- 1 (CI), as well as in SKOV3 null vector (NV), a non HE4- 
overexpressing control for SKOV3 CI. An MTS cell viability assay 
was conducted with each treatment condition in triplicate (Fig. 1A, 
IB). 

Low micromolar concentrations of fulvestrant (1, 3.3, 10 uM) 
were found to be cytotoxic to SKOV3 WT and NV. However, no 
reduction in cell viability was observed in SKOV3 CI at these con- 
centrations. There was a significant difference in mean cell viability 
between SKOV3 CI and SKOV3 WT or NV at all concentrations of 
fulvestrant, (p < 0.005). Similarly, 4 uM tamoxifen treatment 
reduced viability to 86% in SKOV3 WT and 87% SKOV3 NV, but 
only reduced viability to 98% in SKOV3 Cl(p < 0.005). 

17P-estradiol tamoxifen and fulvestrant upregulate HE4 nuclear 
expression in SKOV3 WT and OVCAR8 WT EOC cells. To 

determine whether 17|3-estradiol and the antiestrogens fulvestrant 
and tamoxifen could modulate HE4 expression in EOC cells we 
stimulated 2 ovarian cancer cell lines, SKOV3 WT and OVCAR8 
WT with estradiol, noncytotoxic concentrations of tamoxifen or 
fulvestrant,. Fixed cells were stained for HE4 and analyzed via 
confocal fluorescence microscopy (Fig. 1C, ID). Stimulation with 
1 uM estradiol increased nuclear HE4 expression in both SKOV3 
and OVCAR8 WT relative to untreated cells, while 5 uM estradiol 
resulted in nucleolar accumulation of HE4. 1 uM tamoxifen and 
500 nM fulvestrant also induced HE4 nucleolar expression in 
SKOV3 and OVCAR8 WT. 

Estrogen receptor-a expression is down regulated in HE4-over- 
expressing SKOV3 CI. Estrogens and antiestrogens are known to 
mediate their effector functions primarily through estrogen receptor 



(ER). To determine basal expression of ER in ovarian cancer cells 
lines we probed cellular lysates from SKOV3 WT, NV, and CI for 
ER-a (Fig. 2A). ER-a was almost completely absent in HE4- 
overexpressing SKOV3 CI, compared to strong basal ER-a 
expression in SKOV3 WT and NV. 

We also compared ER-a staining in SKOV3 NV vs. CI using 
confocal fluorescence microscopy (Fig. 2B). Cells were either 
untreated or stimulated with estradiol, tamoxifen, or fulvestrant. 
Untreated SKOV3 NV cells exhibited basal expression of ER-a on 
their nuclear periphery, but ER-a was largely absent in untreated 
SKOV3 CI cells. Upon stimulation with estradiol or antiestrogens, 
ER-a underwent nuclear internalization and degradation in SKOV3 
NV. We also saw through confocal fluorescence microscopy that in 
SKOV3 WT, ER-a is expressed on the nuclear periphery 
(Supplementary Fig. 1) and that it exhibits nuclear internalization 
and degradation upon stimulation with estradiol, fulvestrant, or 
tamoxifen. 

HE4 interacts with estrogen receptor-a. Co-immunoprecipitation 
was conducted to investigate the interaction between HE4 and ER-a 
using lysates from SKOV3 WT, NV, and CI cells using HE4 as bait 
(Fig. 2C). Co-immunoprecipitated lysates were prepared for western 
blot and probed for ER-a. SKOV3 WT and NV exhibited co- 
immunoprecipitation of ER-a with HE4, but the HE4-ER-a 
interaction was absent in HE4-overexpressing SKOV3 CI. We also 
examined the spatial relationship of HE4 and ER-a in SKOV3 WT 
cells using immunohistochemistry (Supplementary Fig. 2). 
Colocalization of ER-a and HE4 was observed in the nuclear 
periphery of untreated SKOV3 WT cells suggesting an interaction 
between HE4 and ER-a. 

Nuclear ER-a expression is observed in human epithelial ovarian 
cancer tissue, and HE4 overexpression in patient serum corres- 
ponds with decreased nuclear ER-a presence. Paraffin-embedded 
ovarian tissue samples from human patients were categorized based 
on HE4 serum levels and histopathological diagnosis. Tissue samples 
were deparaffinized and stained for ER-a (Fig. 2D). Epithelial ovarian 
cells in normal ovarian tissue (Panel A) exhibited cytoplasmic ER-a 
staining, while tumor tissue (Panels B-E) exhibited nuclear staining 
for ER-a. High HE4-expressing epithelial ovarian tissue (Panel C) 
demonstrated reduced nuclear ER-a staining in comparison to low 
HE4-expressing tissue. This was similar to our findings in cell culture 
and suggests that HE4 overexpression may result in decreased ER-a 
both in vitro and in vivo. 

Stable HE4 overexpression in SKOV3 CI leads to reduced 5- 
methylcytosine activity and decreased 5-methylcytosine content 
is observed in HE4-overexpressing human epithelial ovarian can- 
cer tissue. Because the HE4-overexpressing vector used to stably 
transfect SKOV3 CI cells may alter transcriptional activity to 
promote increased HE4 production and secretion, we postulated 
that epigenetic modifications may be present in SKOV3 CI. 5- 
methylcytosine (5 MC) antibody was used to distinguish the 
degree of DNA methylation in SKOV3 WT, NV, and CI cells 
(Fig. 3A). Nuclear 5 MC expression was consistently observed in 
SKOV3 WT and NV, but was largely absent with stable HE4 
overexpression in SKOV3 CI. 

In order to further study whether nuclear 5 MC content would be 
altered following exposure to exogenous HE4, SKOV3 NV and CI 
were incubated with recombinant HE4 and stained with 5 MC anti- 
body (Fig. 3B). Recombinant HE4 resulted in increased 5 MC activ- 
ity in SKOV3 NV, compared to the cells' basal state. However, there 
was no effect on nuclear 5 MC expression in SKOV3 CI, suggesting 
that stable intracellular HE4 overexpression has a direct effect on 
cytosine methylation. 

We also analyzed 5 MC expression in human ovarian tissue sam- 
ples. Normal ovarian tissue and benign ovarian masses exhibited 
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Figure 1 | HE4 overexpression confers resistance against antiestrogens in epithelial ovarian cancer cells, and estrogen/antiestrogens upregulate HE4 
expression, (a-b) MTS cell viability assays for SKOV3 wild type (WT), null vector (NV), and stably HE4-overexpressing clone- 1 (CI ). Cells were treated 
overnight in serum-deprived media with various concentrations of fulvestrant (a) or tamoxifen (b) in triplicate. Fulvestrant and tamoxifen had little to no 
effect on SKOV3 CI at concentrations that were cytotoxic to SKOV3 WT and NV. (c-d) Confocal images of fixed SKOV3 WT and OVCAR8 WT cells 
stained with HE4 primary antibody and corresponding DyLight fluorescent secondary antibody and chromatin staining (DAPI). Cells were stimulated 
with estradiol, tamoxifen, or fulvestrant overnight in serum-deprived media. Each of these resulted in increased nuclear or nucleolar HE4 
expression relative to unstimulated cells. 



high levels of 5 MC in epithelial cells (Fig. 3C). However, HE4-over- 
expressing serous and endometrioid cancer tissue lacked 5 MC nuc- 
lear staining; suggesting that the demethylation observed in SKOV3 
CI in cell culture may also be present in human ovarian cancer. 

HE4 interacts with importin-4 for nuclear translocation. Macro- 
molecules such as proteins and RNA can only enter the nucleus when 
assisted by importins. Importins bind these molecules in the 
cytoplasm and then interact with the nuclear pore complex to gain 
entry into the nucleus 12 ; importin-assisted transport is therefore 
crucial for a variety of cellular processes, including viral disease 
and oncogenesis 13,14 . We investigated whether importin was 
involved in mediating HE4 nuclear accumulation following stimula- 
tion with estrogens. Untreated SKOV3 WT cells were stained for 
importin-4 and HE4 and analyzed using confocal fluorescence 
microscopy (Fig. 4A). Strong colocalization was observed between 
HE4 and importin-4, both inside the nucleus and on the nuclear 
periphery. This suggests that importin plays a role in nuclear 
translocation of HE4. 



Co-immunoprecipitation was then performed in SKOV3 WT, 
NV, and CI cells, with HE4 as the primary bait antibody. Western 
blot was performed and probed for importin-4 (Fig. 4B). Compared 
to SKOV3 WT and NV, HE4-overexpressing SKOV3 CI exhibited 
increased co-immunoprecipitation of importin-4 with HE4, suggest- 
ing that HE4 overproduction in CI may necessitate a greater degree 
of importin-4 expression as well as activity. SKOV3 CI cells were 
stained for importin-4 and HE4 and analyzed using confocal fluor- 
escence microscopy (Fig. 4C). SKOV3 CI exhibited higher basal 
nuclear and nucleolar HE4 expression than SKOV3 WT, and this 
HE4 nuclear accumulation was accompanied by colocalization with 
importin-4. 

Ivermectin, an importin inhibitor, blocks HE4 nuclear translo- 
cation. Ivermectin, an FDA-approved anti-parasitic drug used to 
treat nematode infections in humans, was recently identified as an 
inhibitor of importin-mediated nuclear transport 15 . We first studied 
whether treatment with ivermectin alone would induce cytotoxicity 
in SKOV3 WT, NV, and CI using an MTS viability assay 
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Figure 2 | Estrogen receptor-a (ER-a) expression is abrogated in HE4-overexpressing SKOV3 CI, and HE4 interacts with ER-a. (a) Cellular lysates of 
SKOV3 WT, NV, and CI grown to 80% confluency in serum-supplemented media were probed for ER-a. SKOV3 CI demonstrated almost complete 
absence of ER-a expression, in comparison to SKOV3 WT and NV. (b) Confocal images of fixed SKOV3 NV and CI cells stained ER-a primary antibody. 
Cells were either untreated or stimulated with estradiol or fulvestrant overnight in serum-deprived media. In SKOV3 NV, ER-a degraded and internalized 
to the nucleus upon stimulation with estradiol or fulvestrant, but ER-a signaling was absent in SKOV3 CI. (c) HE4 was immunoprecipitated from lysates 
of SKOV3 WT, NV, and CI cells with isotype-matched IgG as a control, and western blot was performed. ER-a co-immunoprecipitation with HE4 was 
detected in SKOV3 WT and NV, and was not present in SKOV3 CI. (d) Paraffin-embedded ovarian tissue samples from human patients were categorized 
based on HE4 serum levels and histopathological diagnosis. Tissues were deparaffinized and stained with ER-a primary antibody and examined with 
confocal microscopy. Serous and endometrioid HE4 low-expressing tumor tissues exhibited strong nuclear ER-a staining in epithelial cells. 
Meanwhile, serous HE4 high-expressing tissue demonstrated reduced ER-a staining in epithelial cell nuclei. 
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(Supplementary Fig. 3). Cells were treated with ivermectin 
concentrations ranging from 0-90 uM. Ivermectin was largely 
non-cytotoxic up to 10 uM, and its IC-50 was found to be 
approximately 30 uM in SKOV3 WT and NV and between 30- 
90 uM in SKOV3 CI. 

In order to investigate ivermectin's potential to inhibit importin- 
mediated HE4 nuclear transport, we pretreated SKOV3 WT and 
OVCAR8 WT cells with a sub-toxic 7.5 uM ivermectin concentra- 
tion. Cells that received the ivermectin pretreatment were co-admi- 
nistered 7.5 uM ivermectin along with estradiol or fulvestrant, while 
non-pretreated cells were only stimulated with estradiol or 
fulvestrant. 

Cells were then stained with HE4 antibody and examined by con- 
focal fluorescence microscopy (Fig. 5A, 5B). In both SKOV3 and 
OVCAR8 WT, ivermectin treatment alone did not affect the health 
or morphology of cells, compared to untreated control. Stimulation 
with estradiol or fulvestrant alone resulted in increased HE4 nuclear 
and nucleolar staining, as previously observed (Fig. 1C, ID). 
However, when ivermectin treatment was combined with estradiol 
or fulvestrant stimulation, nuclear and nucleolar translocation of 
HE4 was largely inhibited. This represents a clear ability for ivermec- 
tin to block HE4 nuclear entry by inhibiting importin. We investi- 
gated whether ivermectin could also induce a similar suppression of 
HE4 nuclear translocation in SKOV3 CI (Supplementary Fig. 4). As 



observed previously, HE4 and importin colocalization was seen in 
nucleoli at low levels and treatment with estradiol or fulvestrant 
resulted in upregulation of nuclear and nucleolar expression of colo- 
calized HE4 and importin. Ivermectin pre-treatment inhibited 
importin expression and significantly decreased HE4 transport to 
the nucleus. 

Ivermectin treatment sensitizes HE4-overexpressing SKOV3 CI 
to the antiestrogen drugs fulvestrant and tamoxifen. Given that 
treatment with tamoxifen or fulvestrant had significantly decreased 
cell viability in SKOV3 WT and NV but not SKOV3 CI and that 
ivermectin blocks translocation of HE4 to the nucleus we conducted 
an MTS cell viability assay to study whether ivermectin treatment 
could help sensitize SKOV3 CI to fulvestrant and tamoxifen. SKOV3 
WT, NV, and CI were either untreated or pretreated with ivermectin 
followed by treatment with fulvestrant or tamoxifen. 

No significant difference was found in cell viability between 
untreated SKOV3 CI cells and SKOV3 CI cells treated only with 
ivermectin (Fig. 5C, 5D). However, when combined with 10 uM 
fulvestrant, ivermectin treatment reduced SKOV3 CI cell viability 
to 77% relative to the untreated control, while 10 uM fulvestrant 
alone resulted in 109% viability relative to untreated control. With 
20 uM fulvestrant and ivermectin treatment, SKOV3 CI viability 
was 60% compared to 91% with 20 uM fulvestrant alone, relative 
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Figure 3 | Stable HE4 overexpression in SKOV3 CI leads to reduced 5-methylcytosine activity, (a) Confocal images of untreated SKOV3 WT, NV, and 
CI cells stained for nuclear expression of 5-methylcytosine (5 MC). Nuclear 5 MC expression was observed in SKOV3 WT and NV, but was largely absent 
in HE4-overexpressing SKOV3 CI. (b) SKOV3 NV and CI were stimulated with exogenous recombinant HE4 in serum-deprived media overnight, and 
stained for 5 MC. Recombinant HE4 resulted in increased 5 MC activity in SKOV3 NV, but did not impact 5 MC expression in SKOV3 CI cells with 
preexisting cellular machinery for HE4 overexpression. (c) Paraffin-embedded ovarian human tissue samples were categorized based on HE4 serum levels 
and histopathological diagnosis, and stained with 5 MC primary antibody. Nuclear 5 MC activity was present in normal ovarian tissue and benign 
serous tumor tissue, but this nuclear expression was abrogated in HE4 high-expressing serous and endometrioid tumor tissue. 
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Figure 4 | lmportin-4 interacts with HE4 to facilitate nuclear transport, (a) Confocal microscopy of unstimulated SKOV3 WT cells in serum- 
supplemented media, stained for HE4 (green fluorescence) and importin-4 (red fluorescence). Strong colocalization (yellow-colored regions) was 
observed between HE4 and importin-4. (b) Co-immunoprecipitation was conducted using lysates from untreated SKOV3 WT, NV, and CI cells, with 
HE4 as the primary bait antibody and isotype-matched IgG as a control. In a second set of lysates, importin-4 was used as bait. Western blot was 
performed and probed for importin-4 primary antibody. An increase in importin-4 co-immunoprecipitation was detected in HE4-overexpressing 
SKOV3 CI, compared to WT and NV (blot is cropped for image clarity, uncropped image is pictured in supplementary material), (c) Confocal 
microscopy of unstimulated SKOV3 CI cells in serum-supplemented media, stained for HE4 (red fluorescence) and importin-4 (green fluorescence). In 
addition to strong colocalization between HE4 and importin-4, basal levels of nuclear HE4 expression were increased relative to SKOV3 WT. 



to the untreated control. The mean cell viability with ivermectin co- 
treatment was significantly reduced compared to with fulvestrant 
alone at 5, 10, and 20 uM (p < 0.008). Furthermore, SKOV3 CI 
viability levels with ivermectin and fulvestrant combined were com- 
parable to those of SKOV3 NV, suggesting that ivermectin may have 
helped to reduce chemoresistance in SKOV3 CI by inhibiting impor- 
tin-mediated HE4 nuclear accumulation. 

When ivermectin treatment was combined with 2.5 uM tamox- 
ifen, SKOV3 CI exhibited 79% viability relative to the untreated 
control, in comparison to 2.5 uM tamoxifen alone, which resulted 
in 107% viability relative to untreated control (p = 0.0008). Similarly, 
5 uM tamoxifen in combination with ivermectin decreased viability 
to 17% in comparison to 96% viability with 5 uM tamoxifen alone (p 
< 0.0001). 

Discussion 

Fulvestrant and tamoxifen are widely employed as hormonal ther- 
apies in breast cancer 1617 and their use has also been proposed in 
epithelial ovarian cancer, as these tumors have been found to be 
hormonally responsive 5 . Up to 63% of EOC have been found to 
express estrogen receptors 18 . Platinum-resistant ovarian cancer car- 
ries a poor prognosis and response rate to second line chemothera- 
pies is low with significant toxicity. The selective estrogen receptor 
modulator (SERM) tamoxifen was evaluated as a second-line therapy 
in cases of advanced platinum-resistant epithelial ovarian cancer, 



and was found to increase progression-free survival (PFS) with min- 
imal attributable toxicity 7 . Fulvestrant is an estrogen antagonist that 
competitively binds to the estrogen receptor with a much greater 
affinity than estrogen or tamoxifen, and is FDA-approved for use 
in breast cancer patients 19,20 . Fulvestrant was recently investigated in 
a phase II trial for use in multiply-recurrent epithelial ovarian cancer, 
and was observed to be well-tolerated while inhibiting progression of 
disease in 43% of patients 8 . 

Although these findings suggest a favorable role for hormonal 
therapy in some cases of epithelial ovarian cancer (EOC), the effect 
of HE4 overexpression on hormonal responsiveness has not been 
characterized. Here we found that SKOV3 WT, an ER-positive cell 
line, as well as null vector-transfected SKOV3 (NV), expressed basal 
levels of ER-tx but that ER-a was almost completely down regulated 
in HE4-overexpressing SKOV3 CI, as demonstrated by both western 
blot and fluorescence staining. Thus, stable overexpression of He4 in 
SKOV3 Clone- 1 promoted resistance to fulvestrant and tamoxifen. 
We also found that HE4 translocated to the nuclei or nucleoli of 
SKOV3 and OVCAR8 wild type cells following stimulation with 
17)3-estradiol or sub-toxic concentrations of fulvestrant or tamoxi- 
fen. This suggested that HE4 signaling is responsive to estrogens and 
antiestrogens; indeed, genomic analysis of the HE4 promoter region 
identified several hormonal responsive elements including estrogen 
receptor (ER) and RAR-related orphan receptor A (RORA), which 
may play a role in HE4 upregulation in ovarian cancer 21 . 
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Figure 5 | Ivermectin, an importin inhibitor, inhibits HE4 nuclear translocation and sensitizes HE4-overexpressing SKOV3 CI to fulvestrant and 
tamoxifen treatment, (a-b) Confocal microscopy of SKOV3 WT and OVCAR8 WT cells stained with HE4 primary antibody. Cells were pre-treated 
ivermectin, followed by stimulation with estradiol or fulvestrant and co-administration of ivermectin in serum-free media overnight. Ivermectin 
treatment inhibited nuclear and nucleolar HE4 translocation typically induced by estradiol and fulvestrant in both SKOV3 and OVCAR8 WT. (c-d) MTS 
cell viability assay was performed in triplicate in SKOV3 WT, NV, and C 1 . Cells were either untreated or pretreated with ivermectin, followed by overnight 
treatment in serum-free media with various concentrations of fulvestrant and tamoxifen. Cells that received ivermectin pretreatment were also co- 
administered ivermectin along with the fulvestrant or tamoxifen. Ivermectin treatment sensitized SKOV3 CI to concentrations of fulvestrant and 
tamoxifen that were non-cytotoxic without ivermectin. Furthermore, the viability levels of SKOV3 CI cells sensitized by ivermectin to fulvestrant and 
tamoxifen were comparable to those of SKOV3 NV. 



Confocal fluorescence for ER-a also showed that ER-a interna- 
lized to the nucleus upon stimulation with estrogens and antiestro- 
gens. We also observed spatial colocalization of HE4 with ER-oc in 
SKOV3 WT, as well as co-immunoprecipitation of ER-a with HE4 in 
both SKO V3 WT and NV, indicating an interaction between the two 
proteins. However, co-immunoprecipitation of HE4 and ER-oc was 
absent in SKOV3 CI, again suggesting that downregulation of ER-oc 
occurs following stable HE4 overexpression. This pattern of ER-oc 
downregulation was similarly observed in human EOC tissue, where 
benign and cancerous tissue from HE4 low-expressing patients 
exhibited strong nuclear ER-oc staining. Meanwhile, serous EOC 
tissue from a HE4 high-expressing patient showed reduced nuclear 
ER-a, suggesting that HE4 and ER-a interaction may be present both 
in vitro and in vivo. 

While the exact mechanism of ER-a suppression in SKOV3 CI is 
unclear, epigenetic modifications to the ER-a gene have been iden- 
tified in ER negative breast cancers 22,23 . In the case of SKOV3 CI, the 
HE4-overexpressing transfection vector may alter transcriptional 
activity to promote stable increased HE4 production and secretion. 
The degree of 5-methylcytosine (5 MC) staining was compared 
between SKOV3 WT, NV, and CI, as DNA cytosine methylation 
is one of the best-characterized epigenetic modifications, and aber- 
rant methylation can result in dysregulation of gene expression and 



tumorigenesis 24,25 . 5 MC nuclear expression was frequently observed 
in SKOV3 WT and NV, but was largely absent in SKOV3 CI in 
comparison. In addition, stimulation with exogenous recombinant 
HE4 increased 5 MC activity in SKOV3 NV, but did not affect 5 MC 
expression in SKOV3 CI. The known cytotoxic effects of recombin- 
ant HE4 may enhance 5 MC staining as a survival response of 
SKOV-3 cells against this stressor. In human ovarian tissue samples, 
nuclear 5 MC staining was present throughout normal ovaries and 
benign ovarian masses, but was almost entirely absent in serous and 
endometrioid EOC tissue from patients who had high serum levels of 
HE4. 

These findings may indicate that HE4 overexpression can lead to 
demethylation and reduced 5 MC expression, as a means to promote 
transcriptional activity conducive to HE4 overproduction. If 
demethylated regions in the HE4 promoter are upstream of hor- 
monal elements responsive to ER-a, then stable overexpression of 
these hormone response elements may downregulate ER-a gene 
expression. Alternatively, other hormonal responsive elements on 
the HE4 promoter may be more active than ER-a, such as RAR- 
related orphan receptor A (RORA), which has been shown to assist 
estradiol-mediated upregulation of gene expression 26 . Interestingly, 
tamoxifen and other antiestrogens have been shown to exhibit sig- 
nificant apoptotic effects even in ER-negative ovarian cancer cell 
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lines, suggesting that hormone therapeutics may be able to influence 
HE4 expression and ovarian cancer cell toxicity independent of ER 27 . 

Because nuclear and nucleolar translocation are likely key to HE4 
signaling for oncogenic and chemoresistant functions 28 , we investi- 
gated whether importins might be involved in mediating HE4 nuc- 
lear transport. Importin-4 has been implicated in the shuttling of 
several proteins linked to cancer etiology, including vitamin D recep- 
tor (VDR) and hypoxia-inducible factor 1-a (HLFla) 29,30 . We dis- 
covered a novel interaction between HE4 and importin-4, as 
evidenced by co-immunoprecipitation and strong spatial colocaliza- 
tion. In HE4 overexpressing SKOV3 CI, increased co-immunopre- 
cipitation of importin with HE4 was observed, as well as increased 
nuclear and nucleolar colocalization of HE4 with importin. This 
pointed towards the inhibition of importin as a potential therapeutic 
means of targeting HE4 mediated signaling. 

Ivermectin, a specific importin inhibitor 15 , was found to effectively 
inhibit nuclear and nucleolar accumulation of HE4 typically 
observed following stimulation with estradiol or fulvestrant. 
Ivermectin treatment also sensitized SKOV3 CI to both fulvestrant 
and tamoxifen, and cell viability was significantly reduced when 
ivermectin and antiestrogens were combined compared with anti- 
estrogens alone. These therapeutic effects may have been mediated 
by inhibition of HE4 importin nuclear transport. Given that we 
tested a sub toxic concentration of ivermectin, administering iver- 
mectin or other importin inhibitors in conjunction with standard 
therapeutics may prove beneficial for addressing chemoresistance in 
EOC particularly when it arises or is potentiated by HE4 
overexpression. 

Methods 

Cell culture and cell viability assays. Human cell lines SKOV3 and OVCAR8 
(epithelial ovarian adenocarcinomas) were obtained from the American Type Culture 
Collection (Manassas, VA, USA). Stably transfected HE4- overexpressing SKOV3 CI 
cells, as well as null vector- transfected SKOV3 NV cells, were developed as previously 
described 28 . Cells were grown in T-75 culture flasks (Corning, New York, NY, USA) at 
37°C/5 % C0 2 in complete DMEM medium (Gibco, Grand Island, NY, USA), 
supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin 
(Gibco) following the supplier's recommendations. Cell viability with or without drug 
treatment was determined using the 9 6® Aqueous- One- Solution Assay (Promega, 
Madison, WI, USA). Briefly, cells (5,000/well) were plated in triplicate into 96-well 
plates (Corning) and allowed to adhere overnight before treatment with fulvestrant, 
tamoxifen, or ivermectin ( Sigma- Aldrich, St. Louis, MO, USA). After overnight 
incubation for 1 8 hours with the appropriate treatment condition, the Promega MTS 
reagent was added at a 1 : 10 dilution in serum-supplemented RPMI medium (Gibco) 
for 1 hour, and cell viability was quantified based on absorbance at 490 nm as 
previously described 28 For MTS assays testing fulvestrant, tamoxifen, or ivermectin 
alone, SKOV3 WT, NV, and CI were allowed to adhere overnight with 5,000 cells per 
well, incubated with serum-free DMEM for 3 hours, and treated overnight in serum- 
free DMEM with fulvestrant (0-10 uM), tamoxifen (0-4 uM), or ivermectin (0- 
90 uM). For MTS assays testing combined treatment with ivermectin and 
antiestrogens, SKOV3 WT, NV, and Cl cells were either untreated or pretreated with 
7.5 uM ivermectin for 3 hours in serum-free DMEM, followed by overnight 
incubation with 7.5 uM ivermectin and fulvestrant (0-20 uM), 7.5 uM ivermectin 
and tamoxifen (0- 1 0 uM), or fulvestrant or tamoxifen without ivermectin. GraphPad 
Prism (GraphPad Software, La Jolla, CA) was used to conduct student's t-tests and 
calculate p values based on mean cell viability for each treatment condition. 

Immunostaining for fluorescent confocal microscopy. 10,000 cells/ well were 
seeded and allowed to adhere overnight in Lab-Tek 8-well chamber slides (Sigma- 
Aldrich). Following the appropriate treatment condition, cells were fixed with 10% 
neutral buffered formalin, permeabilized, and washed with PBS-Tween 20 0.05% 
(Sigma- Aldrich) three times. 5% horse serum (Sigma- Aldrich) in PBS-Tween was 
used to block slides and dilute antibodies. Cells were incubated with primary antibody 
overnight at 4' C, washed with PBS-Tween (3X5 minutes), and incubated with 
DyLight 488 or 595 secondary antibody (Jackson Laboratories, West Grove, PA, 
USA) for 1 hour at room temperature in the dark. Slides were washed with PBS- 
Tween (3X5 minutes) and cover-slipped with DAPI-containing mounting medium 
(Vector Labs, Burlingame, CA, USA). Confocal images were obtained and processed 
as described previously 28 . 

Cell stimulations for confocal fluorescence. For HE4 staining following estrogen/ 
antiestrogen stimulation, SKOV3 WT and OVCAR8 WT cells were serum-deprived 
for 3 hours and incubated overnight with 1 or 5 uM 17[3-estradiol, 1 uM tamoxifen, 
or 500 nM fulvestrant. Cells were then stained for HE4 primary antibody (TA307787, 
Origene, Rockville, MD, USA) at 1 : 500, followed by Dylight 595 secondary antibody 



(1 : 1500). For ER-a staining following estrogen/antiestrogen stimulation, SKOV3 
WT, NV, and Cl cells were treated with the same conditions mentioned above and 
stained for ER-a primary antibody (#8644, Cell Signaling, Danvers, MA, USA) at 
1 : 500, followed by Dylight 488 secondary antibody (1 : 1500). For importin-4 and 
HE4 staining, untreated SKOV3 WT and Cl cells in complete DMEM were stained 
for importin-4 (TA302524, Origene) at 1 : 2000 paired with Dylight 595, and HE4 
paired with Dylight 488. For 5-methylcytosine staining, untreated SKOV3 WT, NV, 
and Cl cells in complete DMEM were stained for 5-methylcytosine (sc-56615, Santa 
Cruz, CA, USA) at 1 : 500 paired with Dylight 595. SKOV3 NV and Cl cells were also 
stained for 5-methylcytosine following serum deprivation for 3 hours and overnight 
incubation with 10 ng of recombinant human HE4, isolated in-house. Finally, for 
HE4 staining following ivermectin treatment in combination with estradiol or 
fulvestrant, SKOV3 WT and OVCAR8 WT cells were treated with the same 
conditions described above for the MTS cell viability assay. 

Western immunoblotting. Preparation of cell lysates, PAGE, immunoblotting, and 
chemiluminescent detection were carried out as described previously 31 . GAPDH 
(sc47724-Santa Cruz) was probed as an internal loading control. Membranes were 
probed for HE4 (1 : 5000) or ER-a (1 : 1000) following stimulation with 17p-estradiol, 
fulvestrant, or tamoxifen. 

Co-immunoprecipitation. 1.5 million SKOV3 WT, NV, or Cl cells were seeded onto 
100 mm dishes (Corning) and cultured to 80% confluency in complete DMEM 
media. Cells were rinsed in DPBS (Gibco), lysed, and quantified as published earlier 28 . 
Lysates were adjusted to 1 ug/ul total protein concentration, with 500 ul lysate used 
for each IP reaction. Identical samples were prepared for pull-down antibody (HE4) 
and isotype- matched IgG control (#3900, Cell Signaling), with antibody 
concentration identical at 40 ng/ ul. Further processing and PAGE analysis of samples 
was conducted as described earlier 28 . The resulting membranes were probed for ER-a 
(1 : 1000) or importin-4 (1 : 2000). 
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